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Elevated Temperature Defor mation of Fe-39.8Al and Fe-15.6M n-39.4Al

J. Daniel Whittenberger

National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

The elevated temperature compressive properties of binary Fe-39.8 at%Al and Fe-15.6Mn-39.4Al
have been measured between 1000 and 1300 K at strain rates between 10~ and 107 s™. Although the
Mn addition to iron aluminide did not change the basic deformation characteristics, the Mn-modified
alloy was dlightly weaker. In the regime where deformation of FeAl occurs by a high stress exponent
mechanism (n = 6), strength increases as the grain size decreases at |least for diameters between ~200 and
~10 um. Due to the limitation in the grain size- flow stress-temperature-strain rate database, the influence
of further reductions of the grain size on strength is uncertain. Based on the appearance of subgrainsin
deformed iron aluminide, the comparison of grain diametersto expected subgrain sizes, and the grain size
exponent and stress exponent cal culated from deformation experiments, it is believed that grain size
strengthening is the result of an artificial limitation on subgrain size as proposed by Sherby, Klundt and
Miller (Met. Trans A. 8A (1977) 843-50).

I ntroduction

As part of aprogram to study the elevated temperature deformation characteristics of B2 crystal
structure aluminides in the mid-1980's, the behavior of solid solution CoAl-based alloys containing
significant amounts (~15 at%) of Fe and Ni was examined (ref. 1). Concurrent with thiswork, the
potential of solid solution strengthening of Fe-40Al alloyed with 15 Mn was also investigated but never
reported. Mn was chosen as the alloying addition because very large amounts can be added to FeAl while
maintaining a single phase (refs.2 and 3), and the 1984 study by Titran, et al. (ref. 4) indicated that small
Mn additions (1 or 5 at%) to FeAl produced higher 1300 K flow stresses than exhibited by the base alloy.
However in the mid 1990's afew studies (refs. 5 and 7) were undertaken to determine the effect of small
Mn additions on the room temperature properties of FeAl, but none of these lower temperature experi-
ments revealed much improvement; if anything, Mn produced slight weakening of the iron aluminide at
room temperature in comparison to the unalloyed compositions.

While the effects of alloying Mn on strength are uncertain, it was shown (refs. 8 to 10) that decreas-
ing the grain size (d) could either positively or negatively affect the flow properties of FeAl at tempera-
tures as high as 1400 K. Strengthening by grain size refinement occurred when deformation was
controlled by a high stress exponent (n = 6) mechanism; however, when plastic flow was governed by the
n = 3 process, mechanical strength increased with an increasing grain size. Based on mid 1980’ stesting
(refs. 8 and 9) the high stress exponent mechanism could operate at relatively high temperatures and slow
strain rates: for example, deformation of d >20 um alloys at 1200 K for strain rates between 107 and
107 s is described by n = 6 (ref. 9). With the current emphasis of using FeAl-based alloys at and below
1000 K (ref. 11), strengthening by decreasing the grain size might be an effective and simple means of
producing strong materials.
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The following report discusses the effects of both alarge Mn addition and grain size on pre-alloyed,
powder metallurgy nominally Fe-40Al alloys, where the initial grain size was modified by the choice of
extrusion temperature. Flow stress-strain rate-temperature behavior was determined between 1000 and
1300 K in air through constant velocity testing in compression. The results from this effort are compared
with the known behavior of binary iron aluminide and its alloys.

Experimental Procedures

Prealloyed, —80 mesh gas atomized powders of Fe-39.8Al (Fe-40Al) and Fe-15.6Mn-39.4Al
(FeMnAl) were purchased from Alloy Metals, Troy, Ml (table ). Fully dense materials, suitable for
mechanical property testing, were fabricated by hot extruding 76 mm outside diameter, 6.4-mm-thick
wall steel canswhich had previously been filled with about 1200 g of powder and encapsulated under
vacuum. Round to round extrusions were undertaken at a 16:1 reduction ratio and several temperatures
(table 11). Compaction at 1505 K followed by extrusion at 1505K of FeMnAl (FeMnAl-1) was initialy
selected to agree with the method initially utilized for the base line binary alloy (ref. 8). As compaction
was not required to obtain full density (ref. 8), the remainder of the consolidations were undertaken by
direct extrusion of the powder. The lower extrusion temperaturesin table Il for Mn-modified iron
aluminide (FeMnAl-I1) and the binary iron aluminide were selected to yield a smaller as-extruded grain
size (ref. 8) while maintaining the extrusion pressure beneath the press limit of 1310 MPa. To test the
stahility of the as-extruded grain structures, samples from the lower temperature extrusions were an-
nealed for 16 h at the extrusion temperature +200 K: alloys Fe-40Al-ht and FeMnAl-l1ht in table 1.

Cylindrical test specimens 10 mm long with a5 mm diameter were prepared by electrodischarge
machining and grinding, where their length was parallel to the extrusion direction. Samples were taken
from all the as-extruded aluminides and their heat treated versions (table I1). Constant velocity compres-
sion tests were conducted at speeds ranging from 2.12x107 to 2.12x10° mm/sin auniversal test ma-
chine between 1000 and 1300 K in air. Autographically recorded load-time charts were then converted to
true compressive stresses, strains, and strain rates via the offset method and the assumption of conserva-
tion of volume. Additional details concerning specimen fabrication and test procedures can be found in
(refs. 8 and 9).

Longitudinal samples were taken from the as-extruded and heat treated alloys, metalographically
mounted, polished and immersion etched in a mixture of 100 ml H,O + 20 ml HNO; + 3 ml HF imm to
reveal the grain structure. Grain size was calculated using the circle intercept method on photomicro-
graphs taken under Differential Interference Contrast (DIC), and theinitial grain sizes of the hot extruded
and heat treated alloys are givenintablell. A similar technique was applied to selected compression
tested samplesto reveal the microstructure along the specimen length after deformation.

Results
Compressive Strength Properties

True compressive stress-strain curves from constant velocity testing as functions of temperature and
nominal strain rate are presented for 1000 K as-extruded and 1000 K extruded + heated treated Fe-40Al
infigures 1 and 2, respectively; and similar plots are given in figures 3 to 5 for 1505 K as-extruded
FeMnAl, 1100 K as-extruded and 1100 K extruded + heat treated FeMnAl, respectively. In general both
compositions exhibited two types of stress-strain plots: continuous flow at a more or less constant stress
after initial working for 1 to 2 percent strain (fig. 1(a) for example) or continuous slow work hardening
after theinitial rapid work hardening during the first ~2 percent deformation (fig. 1(d) at nominal strain
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rates of 2.2x10™° and 2.2x107° s™). A much less common behavior involved yielding followed by strain
softening (fig. 1(d) at 2.2x10° s and fig. 2(a) at 2.0x10™* s, for instance). A number of duplicate tests
were also undertaken, and they are denoted by the stress-strain plots utilizing solid symbolsin figures 1
to 5. Repeat testing general gave very similar stress-strain curves (i.e., 1100 K deformation of Fe-40Al
(figs. 1(b) and (c)) and FeMnAl-I (fig. 3(a) at the two slowest strain rates). The one exception was
duplicate testing of Fe-40Al at 1200 K to 2.2x107° s* (fig. 1(c)) where one experiment produced con-
tinuous work hardening and the other continued flow at a more or less constant stress.

Based on the stress-strain curvesin figures 1 to 5, the strength of any material depended on the
temperature and imposed deformation rate, where for any particular deformation rate the strength
decreased as the temperature was increased and at any constant temperature strength decreased with a
decreasing strain rate.

True compressive flow stress (c)-strain rate ( € )-temperature (T) plots are presented in figure 6 for
the two forms of Fe-40Al and in figure 7 for the three different versions of FeMnAl. The data pointsin
these figures represents the flow stress and strain rate determined at 3 percent strain from each stress-
strain plot in figures 1 to 5. Where appropriate, the data were fitted to the standard temperature
compensated-power law equation by multiple linear regression techniques

& = Ac"exp(-Q/(RT)), (1

where A isaconstant in s 2, nisthe stress exponent, Q isthe activation energy for deformation, and Ris
the universal gas constant. The range of each fit was chosen to be as broad as possible in £ -6-T space
consistent with a good visual appearance and arelatively high coefficient of determination (Rs? > 0.95).
The results of these fitsin terms of n and Q values and their standard deviations (8, and 8g) as well asthe
coefficients of determination (Rs?) are given in table 111(a). The curves in each part of figures 6 and 7
indicated the extent of each fit.

Fitting of the Fe-40Al results indicated that the behavior fell into two distinct regimes (fig. 6(a)),
where at the lower temperatures (1000 +1100 K) deformation occurred by a high stress exponent mecha-
nism (n = 6.6, table I11(a)), while at the higher temperatures plastic flow was described by a much lower
stress exponent (n = 4.2) . The heat treated form of Fe-40Al (fig. 6(b)) exhibited an intermediate stress
exponent (~4.9) between 1000 and 1200 K; whereas the 1300 K properties were much less dependent on
stress (n = 2.7). In spite of the difference in the stress exponents between the two groups, both had the
same activation energy for deformation of ~410 kJ/mol.

Statistical comparison of the flow stress-strain rate-temperature data for the two forms of Fe-40All
utilizing adummy variable indicated that within the current limits of testing there was very little differ-
ence in strength between either the as-extruded or heat treated materials, and the results could be success-
fully joined to give two groups: (1000 +1100 K) and (1200 +1300 K). Thisjoining (table I11(b)) lead to
behaviors which basically followed as-extruded Fe-39.8Al, where (1000 +1100 K) group displayed a
high stress exponent (n = 6) while the (1200 +1300 K) group compressed per n = 3.8.

In only one case did fitting of the compression data for the Mn-modified iron aluminide to
equation (1) lead to arelatively high stress exponent, where n = 5.5 for 1100 K as-extruded FeMnAl-I|
tested between 1000 and 1200 K (table I11(a)). All the other versions of Fe-15.6Mn-39.4Al exhibited
plastic flow by much lower stress exponent mechanisms (n < 4.3). In terms of the activation energies for
deformation, the two as-extruded FeMnAI alloys displayed values of about 430 kJ/mol which is similar
to the Q' sfor Fe-40Al (table I11(a)). The heat treated aloy (FeMnAl-llht), however, possessed a much
lower activation energy of about 335 kJ/mol.

Both visually and statistically the 1505 K extruded FeMnAl-I (fig. 7(a)) is weaker than the 1100 K
extruded version (fig. 7(b)) between 1000 and 1200 K. The sameistrue in a statistical sense for the
1300 K flow stress-strain rate behavior, but in reality the strength difference between 1505 and 1100 K
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as-extruded FeMnAl issmall. This contention is aresult of thefit to equation (1) for the joined 1300 K
FeMnAl-1 and FeMnAl-I1 data sets with a dummy variable to represent each material which indicated
that the higher temperature extruded alloy is dlightly weaker (table 111(b)).

Statistical and visual (figs. 7(b) and (c)) contrasting of the 1000 to 1200 K flow stress-strain rate
datafor 1100 K extruded Fe-15.6Mn-39.4Al (FeMnAl-I1) and its 16 h at 1300 K heat treated form
(FeMnAl-Ilht) indicated that within the current limits of testing that the hot extruded material was
stronger than the heat treated version. However at 1300 K both forms statistically had the same strength
which could be described by one equation (table I11(b)).

Post Compression Microstructure

Because of the relative weakness of FeMnAl-I, it was only examined in the as-extruded form which
showed a grain size of about 100 um (table I1). Untested and tested samples of the lower temperature
extruded and heat treated forms of Fe-40Al and FeMnAl were metallographically studied in more detail.
The unstressed annealing of Fe-40Al for 16 h at 1200 K essentially did not produce grain growth;
however the 16 h to 1300 K heat treatment of FeMnAl-11 produced about a 50 percent increase in the
average grain size (table I1). Representative photomicrographs of compression tested Fe-40Al and
FeMnAl are presented in figures 8 and 9, respectively, and table IV shows the measured grain sizeasa
function of the nominal deformation conditions. In this study the samples deformed at 2.2x107* s™ were
subjected to about 25 percent true strain (2 percent); whereas the specimens deformed at slower rates,
with a couple of exceptions, were only deformed about half as much.

Fe-40Al, FeMnAl-11 and FeMnAl-l1ht appear to have maintained their original grain sizes (table 1)
during 1000 K testing and the fastest rate at 1100 K (table IV and figs. 8(a), 9(a), and 9(c)); whereas the
grain size of Fe-40Al-ht increased about 50 percent from its original diameter (6.5 to ~10 um) under the
same deformation conditions (table 1V and fig. 8(c)). With the exception of 1000 K testing, in general as
the time at temperature increased (decreasing strain rates), the grain sizes of all four materials grew
(table 1V, figs. 8(b), 8(d), 9(b), and 9(d)) compared to their original sizes, but the growth was limited
to afactor of ~3 in the worst case (FeMnAl-Il from 6.5 pm to 18.5 um after 1300 K to 2.2x107 s to
10 percent deformation (fig. 9(b)).

Discussion
Alloying With Mn

Since the strength for the 6.5 um grain size 1100 K extruded FeMnAl-I1 (fig. 7(b)) is greater than that
of the 100 um grain size 1505 K densified alloy (FeMnAl-I, fig. 7(a)), it can be concluded that grain size
can influence the elevated deformation properties of Fe-15Mn-40Al asisthe case of binary iron alu-
minides (refs. 8 to 10). Therefore a direct comparison of the strength levels of 5.5 um Fe-40Al (fig. 6(a))
to that of 100 um FeMnAl-I (fig. 7(a)) to determine the influence of replacing 15 percent Fe with Mn
would not be reasonable. On the other hand, the influence of Mn can be assessed from the combined
Fe-40Al + FeMnAl-II data since the starting forms all three possess about a 6 um grain size (table I1).
Visual contrasting of these results can be made in figure 10, where the FeMnAl-I1 data points (fig. 7(b))
are compared to the predicted behavior of joined Fe-40Al + Fe-40Al-ht (table I11(b)), and it suggests that
the unmodified aluminide is stronger. This contention was tested by multiple linear regression fitting
with dummy variables, and the analyses (table 111(b)) confirmed that substitution of about 15 at% Mn for
Fe dlightly weakens Fe-40Al between 1000 and 1300 K. Because the stress exponent was decreasing with
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temperature, three separate fits were required to best describe the data: (1000 + 1100 K), 1200 and

1300 K. The descriptionsin table I11(b) indicate that the Mn addition did not affect the basic deformation
mechanisms of the iron aluminides; instead the Mn just slightly increased the pre-exponential term of

eg. (1) by afactor of ~2. Thus the conclusion to be drawn from figure 10 and the regression analysisin
table 111(b) isthat alloying FeAl with relatively large amount of Mn does not produced the desired
elevated temperature hardening.

Grain Size Strengthening

Even though a Mn addition did not improve strength, it was believed (refs. 8 to 10) that reducing the
grain size below 10 pm would result in a strength improvement in B2 iron aluminide. Although strength
orders with decreasing grain size for the 185, 55, and 10 um versions of Fe-39.8Al (ref. 8) at 1200 K
(fig. 11(a)), the ~10 and ~6 um forms of Fe-39.8Al have about the same resistance to deformation. The
expectation of grain size hardening at 1200 K for small diameters (<20 um) was probably unwarranted
since the deformation for such grain sizes occurs by a stress exponent <4 mechanisms (ref. 8, table [1(b));
whereas grain structure controlled strengthening was only observed during n = 6 plastic flow (ref. 9).
While the data does not exist to make a direct comparison of the strength of Fe-39.8Al as afunction of
grain size at lower test temperatures (fig. 11(b)) contrasts the behavior of two nominally 40 um Fe-48All
alloysto the present ~6 pm Fe-39.8Al (Fe-40Al) at 1100 K. Because it was shown that Al content
between 48.7 and 39.8 at% has no effect on the 1200 to 1400 K strength of FeAl (ref. 9), the difference
in composition among the alloysin figure 11(b) is believed to be immaterial. With this assumption, it is
clear in thisfigure that decreasing the grain size can improve the strength of FeAl at 1100 K.

Based on figure 11(b) and reference 9, the flow strength-strain rate-temperature-initial grain size data
from the n = 6 regime for iron aluminide alloys containing between 48.7 and 39.8 at% Al from thiswork
and (refs. 8 and 9) were fitted to eq. (1) and

é = BdPs"exp(—Q/(RT)), )

where Bisaconstant in s™ and p is the grain size exponent. For purposes of documentation the composi-
tions of the alloys, initial grain sizes and temperature-flow strength-strain rate data used in conjunction
with eqg. (2) are given in appendix A. Results for these fits are given in table V, where §, is the standard
deviation of the grain size exponent. Irrespective of whether the data from all the compositions or only
the Fe-39.8Al results were considered, similar behavior was observed. Namely the use of the temperature
compensated power law (eg. (1)) alone gave a poor fit compared to eq. (2) with its additional grain size
term; however the term d” by itself was not able to explain all the grain size dependency. This conclusion
resulted from the use of a dummy variable in the analyses based on initial grain size (i.e., X =0 for grain
sizes greater than or equal to 9 um, and X = 1 for grain sizes less than 9 um). While the fits using the
dummy variable produced a only small increase in the coefficient of determination (table V, ~0.95 from
~0.93), the t-statistic and F-statistic for the dummy variable were significant at the 1 percent level (for all
compositions of B2 iron aluminide: t = 6.37, F = 40.2 and for only the Fe-39.8Al results: t = 4.03,

F = 16.3). For completenessit should be noted that like increasesin Ry? can be obtained from the data
and eg. (2) using dummy variablesto give either two stress exponents (n, for grain sizes greater than or
equal to 9 um, and n, for grain sizes less than 9 um) or two activation energies (Q, for grain sizes greater
than or equal to 9 um, and Q, for grain sizes less than 9 um). Extending the analyses beyond either two
pre-exponential terms, two stress exponents or two activation energies did not statistically improve the
fit.
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Asthere was little difference among the fits involving either two pre-exponential terms, two stress
exponents or two activation energies, the grain size dependent pre-exponential fit is given below and in
table V asit allows an easy demonstration of competing grain size behaviors, where

£ = exp(9.055+1.87X)d***5>Pexp(—<(448.7/(RT)). (3)
"X = 0 for the grain sizes>9 um and X = 1 for grain sizes <9 um

The ability of this equation to predict strength isillustrated by the two curvesin figure 11(b) for 40,
and 6 um grain sizeiron aluminides at 1100 K. Because the extraterm in the pre-exponential constant for
grain sizes less than 9 um is positive, the value of the pre-exponentia in eq. (3) isincreased by afactor
of ~6.5 which, in turn, means that strength of iron aluminide with grain sizes <9 um would be less than
expected based on larger grain diameters.

Whileit is clear that decreasing the grain size can strength iron aluminides at T<1200 K (fig. 11(b)),
it is not currently possible to demonstrate from the existing data for binary iron aluminide alloys that
strength monotonically increases as the grain size decreases below 9 um or that the strength continues to
decrease for grain sizes greater than 200 um. Resolution of this question will require measurement of the
1000 and 1100 K strength properties of Fe-39.8Al with initial grain sizes >7 um and/or 1000 and 1100 K
properties for other compositions of FeAl with alarge range of grain sizes.

Given that grain size reduction can improve strength of binary FeAl at 1100 K (refs. 9 and 10,
fig. 11(b)), is the improvement significant? Table VI compares the predicted 1073 K behavior of FeAl for
several grain sizesto the strength levels of several multi-element alloyed iron aluminide alloys which
contain both solid solution strengthening additions (Mo,Ti,Zr) as well as elements designed to promote
precipitation hardening (C, B). These results indicate that alloying can produce nominally 1073 K to
5x10™* s strength levels in the 100 to 150 M Parange, but such values can also be achieved in binary
FeAl through grain size reduction to 10 um. Most interesting is the data from Maziasz et . (ref. 14),
who observed that decreasing the grain size of a complex aloy (Fe-38.5A1-0.2M0-0.05Zr-0.13C) signifi-
cantly increased the strength. This suggests that both alloying and grain size strengthening mechanisms
can be superimposed.

The probable source for grain size strengthening in FeAl comes from the restriction in the size of
subgrains being formed during deformation per Sherby, Klundt and Miller (ref. 15). Since thistype of
restricted subgrain size strengthening has been observed in small grain sized NiAl (ref. 16), itislogical
that, if subgrains form during elevated temperature straining in iron aluminide, their maximum diameter
must be limited to the grain size. If thisis the case in FeAl, then the elevated temperature strain rate
would be given by

¢ = Bd®c" exp(-Q/(RT)), (4)

where the grain size exponent would be three and the stress exponent 0’ equal s the basic stress exponent
for FeAl plus 3 (n, + 3) (refs. 15 and 16). Simple examination of eg. (3) indicate that the current calcu-
lated grain size exponent for FeAl is close to three.

Since the 1980s investigations of binary FeAl, where grain size strengthening was observed and the
existence of subgrains vialight optical microscopy evidence presented (refs. 8 and 9), a number of other
studies have demonstrated the formation of subgrains during elevated temperature deformation (refs. 17
to 20). Linet a. (refs. 17 and 18) extensively studied the misorientation of the subboundariesin
Fe-36.5Al and Fe-36.5A1-2Ti alloys deformed at 1173 and 1273 K. Reiman and Sauthoff (ref. 19) also
indicated that subgrains were formed during testing of both very large grain sized (>1mm?®) and
[001]-oriented single crystalline forms of various iron auminides (compositions ranging from Fe-40Al to
Fe-52Al) between 973 and 1273 K. Additionally, Pang and Kumar (ref. 20) presented transmission
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electron photomicrographs (figs. 13(c) and (d) in ref. 21) of a Fe-40Al-0.7C-0.5B alloy tested to failure at
873K to 102 s™* which has well defined ~1 um sugbrain substructure.

Previoudly, Raj and Pharr (ref. 21) have shown that the unrestricted, equilibrium subgrain size A
formed in alarge variety of materialsis given by

A = 23Gb/c = 8.8Eb/o, (5)

where G is the shear modulus, b is the magnitude of the burgers vector, and E is the elastic modulus. This
equation along with Harmounche and Wolfenden’' s measured values of the Y oung’s modulus for FeAl
(ref. 22) described by

E(GPa) = 287.75 — 0.0219T — 0.0035(at% Al)? + 0.00305T (at% Al) (6)

permits the equilibrium subgrain size in FeAl to be predicted as functions of temperature, composition
and applied stress. An example of such aprediction is given in figure 12(a) by the solid black line for
Fe-40Al deforming by b =[001] dislocations at 1100 K along with the limit curves (gray lines) corre-
sponding to probable error (afactor of 2) in the estimates (ref. 21). As apoint of reference, per eq. (6)
which indicates that the modulusis a function of both temperature and composition, increasing the
temperature by 100 K would decrease the equilibrium subgrain size by ~5 percent; on the other hand
increasing the Al level to 46 percent, which gave the maximum values of modulus (ref. 22), would
increase the equilibrium subgrain size by ~10 percent.

Some confidence in the subgrain size predictionsin figure 11(a) can be gotten from Pang and
Kumar's (ref. 20) nominal 1 um subgrain grain size after 873 K deformation, where the estimated
strength value (873 K 0.2 percent yield strength of ~400 MPa and more than 50 percent tensile elonga-
tion, fig. 9, ref. 20) just prior to failure is about 600 MPa. Neglecting any influence of carbides and
borides on the subgain structure, these strength and temperature conditions in combination with egs. (5)
and (6) predict that the equilibrium subgrain size would be ~0.8 um. This value agrees closely with
observation (ref. 20); hence the 1100 K predictions of the equilibrium subgrain sizes for FeAl in
figure 12(a) are believed to be realistic

As subgrains form during elevated temperature deformation of B2 iron aluminide (refs. 17 to 20), it
ispossible for grain size strengthening to occur, and figure 12 (a) allows estimates of the grain sizes
where such hardening is possible. For exampleif the grain size was 9 um (horizontal dashed linein
fig. 12(a)), the maximum subgrain diameter that could form would be 9 pum; thus deformation at stress
levels <50 MPa (left side of dashed vertical line, fig. 12(a)) would occur under conditions where the
subgrain sizeis limited to the grain size and extra strengthening should occur. Conversely, if deformation
occurs at stress >50 MPa (right side of dashed vertical ling, fig. 12(a)), the subgrains would be less than
9 umin size, and no extra strengthening takes place. Of course such transition stresses would be very
sensitive to the exact dependency between the equilibrium subgrain size in FeAl and applied stress; thus
per the factor of 2 limit curvesin figure 12(a), the transition stress for a9 um subgrain sized could vary
from ~25 to ~100 MPa.

The available 1100 K flow stress-initial grain size results for both binary iron aluminides and
FeMnAlI-I1 which possessed high stress exponents (n = 6) are compared to the 1100 K predicted equilib-
rium subgrain size and its factor of 2 higher limit line for Fe-40Al in figure 12(b). For each grain size the
far left data point signifies the measured flows stress from ~2x10™ s™ testing, and each subsequent data
point to the right represents the flow stress at a one order of magnitude faster deformation rate. As all the
flow stress data for grain sizes less than 40 um lie to the right or are very close to the upper limit for
predicted subgrain size, these grain sizes could be capable of restricting the subgrains from achieving
their equilibrium diameters during deformation.
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The possibility of agrain structure limiting the size of subgrains during deformation can also be
shown at higher temperatures, asisillustrated in figure 12(c) at 1300 K. This figure compares the
predicted 1300 K equilibrium subgrain size and its factor of 2 higher limit line for Fe-40Al to the
measured flow stress for a number of different FeAl alloys. The binary aluminide compositions, initial
grain sizes and strain rate ranges for the data pointsin figure 12(c) are given in the table which is part of
the figure caption. Again in figure 12(c) for each grain size, the far left hand data point represents the
flow stress measured for the slowest strain rate per the table, and each subsequent data point to the right
represents the flow stress at an order of magnitude faster deformation rate. As the mgjority of the flow
stresses for each grain size are within the regime where subgrain diameters would be limited by the grain
size(i.e, eg. (5) is not abeyed), it is clearly possible for the grain structure to impose an artificial limit on
the deformation subgrain size.

Per the description of eg. (4), when the subgrain sizeis artificially controlled, the measured stress
exponent n' becomes three units higher than the basic stress exponent (ref. 15). This seemed to be the
case for iron aluminide as it was noted in 1986 (ref. 9) that grain size strengthening only occurred in the
high stress exponent regime (n = 6) but not when the low stress exponent mechanism (n <4) was control-
ling. Sincethis early observation, other studies of the elevated deformation of FeAl have been compl eted.
Reiman and Sauthoff’s (ref. 19) compression of large grain size polycrystalline and [001]-oriented binary
FeAl single crystals between 973 and 1273 K gave stress exponent values generally between 4 and 5.
Sastry, Prasad and Deevi’ stesting of 22 um Fe-39.6A1-0.2M 0-0.1Zr-0.4C-0.02B (ref. 12) between 1073
and 1423 K report that the stress exponent decreased with increasing temperature fromn =7 at 1073 K to
n=4at 1373 K. Lastly, as given by the joined fits of Fe-40Al and Fe-40Al-ht datain table 111(b), the
stress exponent for ~6 um Fe-40A| changes from about 6 at 1000 and 1100 K to lessthan 4 at 1200 and
1300 K. Taken together, it appears that basic elevated temperature deformation mechanism in FeAl
occurs by an stress exponent of ~ 4 mechanism, but when some means of restricting subgrain sizeis
introduced, the apparent stress exponent increasesto 6 or more, in basic agreement with eg. (4) (ref. 15).

While deformation in iron aluminides does involve the formation of subgrains which can affect the
motion of dislocations, the thermally activated processin control isvery much in question. Essentially
every study of elevated temperature plastic deformation (refs. 8, 9, 12, and 17 and table 111) reports
activation energies for deformation that range from 340 to 550 kJ/mol. Reiman and Sauthoff (ref. 19)
also report a 400 kJ/mol activation energy for deformation for Fe-40Al single crystals;, however they
indicate atendency for Q to decrease with increasing Al content at stresses <10 MPa such that activation
energies of ~200 kJ/mol are reported for Fe-48.7Al. Thiswas not the case for testing of polycrystalline
binary FeAl aloys (refs. 8 and 9) where very high activation energies were calculated for all composi-
tions between 39.8 and 48.7 Al irrespective of the stress levels (~150 to ~0.7 MPa) or the stress expo-
nents (7.5<n<3).

To date diffusion studiesin binary FeAl (refs. 23 and 24) have shown that the rates of diffusion are
nearly independent of Al content, and they report much lower activation energies than those obtained
from deformation experiments. Mehrer, et al. (ref. 23) measured tracer diffusion coefficientsin
Fe-26.5Al, Fe-34Al and Fe-50Al using **Fe and **"In (in place of an Al tracer) between 700 and 1500 K
and determined the tracer diffusion coefficients (D) in the B2 phase could be described by

D’ for *°Fe (m?/s) = 5.3x10™® exp(—265/(RT)) and
D’ for ™In (m?/s) = 6.4x1072 exp(—258/(RT)), (7)

where the activation energies for diffusion arein kJ/mol. Nakamura, et al. (ref. 24) measured interdiffu-
sion in aloys containing from ~40 to ~48AI between 1073 K to 1475 K and calculated the interdiffusion
coefficient (D) in B2 FeAl to be about

D (mP/s) = 8.4x107 exp(—256/(RT)) (8)
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Comparison of egs. (7) and (8) reveals a very close agreement between interdiffusion and tracer diffusion
coefficients, but these activation energies are ~150 kJ/mol less that the values from plastic flow experi-
ments (refs. 8, 9, 12, 17, and 19 and this study).

One possible reason for the activation energy discrepancy could be due to neglecting the influence of
modulus as a function of temperature in eq. (2); however, utilization of o/E term instead of ¢ in this
equation did not significantly change the activation energy for deformation, where

& = exp(73.71 + 0.88X ) d**(c/ B)>®exp(-394.1/(RT)), (9)
"X = 0 for the grain sizes>9 um and X = 1 for grain sizes <9 um

with R¢ = 0.924 which is less than that for eg. (3) Although this approach lowered the activation energy
for deformation by ~50 kJ/mol compared to eqg. (3), it is still about 50 percent greater than the activation
energy for diffusion (egs. (7) and (8)). Thus, the current modulus correction approach does not appear to
be successful; however it is possible that this normalization technique could still be reasonableif better
modulus data were available. The E values (eg. (6)) of Harmounche and Wolfenden (ref. 22) were only
measured to 1123 K which meant that considerable extrapolation was necessary to calculate the 1300 and
1400 K stress'modulus terms.

As has been recently proposed (ref. 25), it is possible that a wide band of activation energies exists
which give ailmost as good a description of behavior as the “best” activation energy determined by
multiple linear regression techniques. With thislogic in mind, the flow stress-strain rate-temperature-
grain size data were refitted to eg. (2) with Q force to be 260 kJ/mol per egs. (7) and (8) which gave

& = 2.68x107 p** 6**" exp(—260/(RT)) (10)

where the R was 0.877 and the pre exponential term was independent of grain size. While eq. (10) is
simpler than eg. (3), its ability to describe the original datais much worse; thus the use of the activation
energy for diffusion in iron aluminide to characterize elevated temperature deformation does not appear
to be appropriate.

As neither the modulus correction (eg. (9)) nor the forcing (eg. (10)) were able to reconcile the large
difference between deformation and diffusion activation energies, the reason(s) for such a huge differ-
ence between these activation energiesin B2 iron aluminide is not known.

Summary of Results

The effect of alarge Mn addition and grain size on the elevated temperature compressive properties
of B2 crystal structure iron aluminides has been investigated. While replacement of ~15 at% Fe with Mn
to produce Fe-15.6Mn-39.4Al did not change the 1000 to 1300 K deformation characteristics, the
Mn-rich aloy was dlightly weaker than Fe-39.8Al. Examination of the properties of binary FeAl alloys as
afunction of grain size reconfirmed that in the high stress exponent deformation regime (n = 6) strength
increases as the grain size decreases for diameters between ~200 and ~10 pm. However within the limits
of the current data base, a further reduction of the grain size for Fe-39.8Al to 6 um did not appear to
promote additional strengthening beyond that achieved at 9 pm. Consideration of the microstructure,
equilibrium subgrain sizes and deformation parameters of deformed alloys indicate that grain size
strengthening in FeAl is due to an artificial limitation on the sizes of subgrains, as proposed by Sherby,
Klundt and Miller (ref. 15).
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TABLE |.—COMPOSITIONS (WT%) OF THE
PRE-ALLOYED FEAL POWDERS

ID Al C H Mn N (0]
Fe-40Al | 24.22 | 0.0006| 0.0006| ------ 0.0007 | 0.025
FeMnAl | 24.01 | 0.009 | 0.002 | 19.40 | 0.0042 | 0.022

TABLE . —THERMOMECHANICAL PROCESSING CONDITIONS
AND GRAIN SIZES FOR INTERMETALLIC ALLOYS

ID Compaction | Extrusion | Heat treatment | Time, | Grain size,
Temperature, K hr Hm
Fe-40AI | - 1000 | @ - --- 55
Fe-40Al-ht | - 1000 1200 16 6.5
FeMnAl-I 1505 1505 | 0 - --- 100
FeMpAI-Il | - 1200 | 0 - --- 6.5
FeMpAl-llht | - 1100 1300 16 9.5
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TABLE 1. —_TEMPERATURE COMPENSATED POWER LAW DESCRIPTIONS OF THE FLOW

STRESS-STRAIN RATE-TEMPERATURE BEHAVIOR FOR IRON ALUMINIDES.

Identification | Temperature A, n dn Q. 8o, Rs®
range, st kImol | k¥mol
K
(a) Individua fits
Fe-40Al 1000 to 1100 3.33x10° 6.62 0.29 | 414.2 30.3 0.985
1200 to 1300 1.36x107 4.18 .20 | 402.9 40.1 | 0.986
Fe-40Al-ht 1000 to 1200 8.40x10° 4.85 0.29 | 4153 30.6 0.969
1300 5.49x10® 2.71 23| | - 0.993
FeMnAI-I 1000 to 1300 2.87x10° 4.33 0.15 | 4105 13.8 0.986
FeMnAl-I| 1000 to 1200 1.98x10° 5.49 0.28 | 460.3 286 | 0974
1300 3.45x1078 3.26 22 | e | e 0.986
FeMnAl-l1ht* | 1000 to 1300 7.29x10° 351 0.22 | 3349 239 | 0.957
(b) Combined fits
Fe-40Al + 1000 to 1100 4.00x10° 6.01 0.32 | 4325 35.3 0.957
Fe-40Al-ht 1200 to 1300 3.54x108 3.84 20 | 4249 | 409 | 0.965
FeMnAl-l + 1300 exp(-16.6—0.86X)° | 340 | 016 | ----- | --m- 0.986
FeMnAl-II
FeMnAlI-Il + 1300 3.30x10°8 3.28 016 | ----- | --—--- 0.985
FeMnAl-Ilht
Fe-40Al + 1000 t0 1100 | exp(13.89 + 0.93Y)° | 5.92 025 | 4383 | 27.3 | 0.959
Fe-40Al-ht +
FeMnAl-II
Fe-40Al + 1200 exp(—24.48 + 0.63Y)°| 4.38 015 | - | - 0.987
Fe-40Al-ht +
FeMnAlI-II
Fe-40Al + 1300 exp(-18.14 + 0.99Y)¢| 3.24 020 | - | - 0.968
Fe-40Al-ht +
FeMnAl-II

81200 K t0 2.15x107" s and 1300 K to 2.15x107" s values were not used in the fit.
PX = 0 for FeMnAl-I and X = 1 for FeMnAl-Il.

°y = 0 for the combined Fe-40Al alloysand Y = 1 for Fe-15Mn-40Al.
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TABLE IV.—GRAIN SIZE OF THE FEAL-BASED ALLOY S DETERMINED
AFTER ELEVATED TEMPERATURE COMPRESSIVE DEFORMATION.

Deformation conditions Fe-40Al | Fe-40Al-ht | FeMnAl-Il | FeMnAl-Ilht
Temperature, | Strainrate, | ~Strain, Grain Size, pm

K st percent

1000 2.2x10™ 25 5 75 55 | -
1000 2.2x107° i 11 11
1000 2.2x107° 15 6 | - 65 | -
1000 2.2x107 10 | - 10 6 10
1100 2.2x10™ 25 6.5 10 7 10
1100 2.2x107° 13 9 10 75 | -
1100 2.2x107 0 | - 12,5 10 12
1200 2.2x10™ 25 9 11.5 9 12
1200 2.2x107° 13 12 13 95 4115
1200 2.2x107 10 | - 19 14 11
1300 2.2x10™ 25 11.5 17 18 15
1300 2.210° 13 | - | - 15 14
1300 2.2x107° 13 13.5 16 185 P15
1300 2.2x107 o I N 185 175

320 percent deformation.
P17 percent deformation.

TABLE V.—TEMPERATURE COMPENSATED POWER LAW DESCRIPTIONS OF THE
FLOW STRESS-STRAIN RATE-TEMPERATURE BEHAVIOR FOR IRON ALUMINIDES.

FeAl B(A), P | & | n | & | Q | & | R

Composition st kIJmol | k¥mol

All 251x10" | - | e 387 | 019 | 3899 | 198 | 0.792

1.15x10° 2.04 | 014 | 565 | 017 | 4045 | 119 | 0.926

exp(9.055 + 1.87X)% | 248 | 0.14 | 586 | 0.15 | 4487 | 124 | 0945

Fe-39.8.Al 1.06x10° | - | -eee- 333 | 027 | 3636 | 326 | 0.772

1.10x10° 185 | 019 | 518 | 0.24 | 3815 | 183 | 0.930

exp(11.32 + 1.90X)? | 227 | 0.19 | 560 | 0.23 | 456.3 | 243 | 0.950

@ = 0 for the grain sizes >9 um and X = 1 for grain sizes <9 pm.
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TABLE VI.—COMPARISON OF THE ESTIMATED STRENGTH OF FEAL AS A FUNCTION
OF GRAIN SIZE TO DATA FROM FEAL-BASED ALLOYS FROM THE LITERATURE.

Composition, Grain size, Temperature, | Strainrate, | Strength, | Source
a% pm K st MPa

Binary FeAl 100 1073 5x107 44 eq. (4)

40 65 eq. (4)

10 117 eq. (4)
Fe-40AI1-0.2M0-0.05Zr-0.45C-0.02B NR? b9 (ref. 11)
Fe-40AI1-0.5M0-0.1Zr-1Ti-0.2C-0.02B 100 ®150 (ref. 11)
Fe-39.6Al-0.2M0-0.1Zr-0.4C-0.02B 22 1x1072 €150 (ref. 12)
Fe-40AI1-0.1Zr-0.4B 9 1100 2.5x10™ 9140 (ref. 13)
Fe-38.5A1-0.2M0-0.05Zr-0.13C As-Cast, >100 1073 NR? 90 (ref. 14)
Fe-38.5A1-0.2M0-0.05Zr-0.13C 10 1073 NR? €210 (ref. 14)

*NR = not reported.

PDensified by hot extrusion, heat treated for 2 hr at 1373 K.

°Extruded at 1373 K.
dExtruded at 1250 K.
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APPENDIX A.—COMPOSITIONS, INITIAL GRAIN SIZE, TEMPERATURE,
FLOW STRESS, AND STRAIN RATE DATA FOR SEVERAL FEAL BASED

ALLOYSFROM (REFS. 8 AND 9) AND THIS STUDY.

Al content, | Initial grain size, | Test temperature, Flow stress, Strain rate,
a% pm K MPa st
48.7 39 1100 29.5 2.2x107

1100 19.1 2.31x10°°
1100 13.65 2.2x107
1200 145 2.35x10™°
1200 10.25 2.4x107°
1200 7.8 2.3x107
1300 16.3 1.91x10°3
1300 11.1 1.86x107*
1300 9.3 2.28x10°°
1300 6.5 2.3x10™°
48.2 41 1200 14.5 2.47x10°°
1200 10.6 2.43x10°°
1200 75 2.3x107
1300 17 1.87x10°°
1300 11.4 1.95x107*
1300 8.2 1.78x10°°
1300 6.45 2.45x10°°
1400 6.8 2.31x107*
1400 4.6 1.8x107
1400 31 2.34x10°°
475 36 1100 32 2.33x10°°
1100 20.7 2.31x10°°
1100 15.5 2.28x1077
1200 14.6 2.33x10™°
1200 10.8 2.45x10°°
1200 7.75 2.32x107
1300 17.4 1.87x10°°
1300 11.8 1.96x107*
1300 8.75 1.77x10°°
1300 8.75 2.19x107°
1300 5.7 1.8x107
46.8 35 1200 16.3 2.33x10™°
1200 11.2 2.4x107°
1200 75 2.31x107
1300 16.8 1.69x107°
1300 16.5 1.87x10°°
1300 12.3 2.33x107*
1300 9 1.9x10™
1300 6.75 2.33x10°°
1400 8 2.08x107
1400 5.2 2.06x10°°
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APPENDIX A.—Continued.

Al content, | Initial grain size, | Test temperature, Flow stress, Strain rate,
a% pm K MPa st
457 19 1200 17.9 2.28x107°
1200 12,5 2.4x107°
1200 9 2.29x1077
1300 24.7 2.00x107°
1300 17.9 1.97x107*
1300 14 1.97x10°°

44,55 39 1200 17.8 2.35x10™°
1200 11.8 2.4x107°
1200 8.6 2.33x1077
1300 12.7 2.04x107
1300 8.7 1.98x107°
1300 6.3 2.38x10°°
1300 6.4 2.00x10°°
1300 5.25 2.34x1077
1400 55 2.00x10°°

432 20 1200 20.2 2.43x10°°
1200 12.8 2.38x10°°
1200 8.75 2.23x1077
1300 21 2.55x107°
1300 17.5 1.84x107*
1300 12.8 1.82x107°
1400 11 2.05x107

41.7 43 1200 18.7 2.32x107°
1200 11.7 2.33x10°°
1200 8.35 2.3x107
1300 18.9 1.97x10°°
1300 12.6 2.1x10™
1300 8.7 1.9x107
1300 9 2.35x107°
1300 6.1 2.00x10°°
1300 4 2.31x1077
1400 9.6 2.33x107
1400 6.1 1.99x107°
1400 3.9 1.97x10°°

16
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APPENDIX A.—Continued.

Al content, | Initial grain size, | Test temperature, Flow stress, Strain rate,
a% pm K MPa st
39.8 185 1200 10.2 2.16x107°

1200 6.3 2.21x10°°
1200 4.15 2.17x107
1300 4.45 2.31x10°°
1300 275 2.26x10°°
1300 1.95 2.18x1077
1400 37 2.42x107*
1400 2.3 2.35x10°°
1400 1.9 2.29x10°°
1400 1.45 2.23x10°°
1400 0.85 2.1x107
3908 55 1200 19.45 2.05x107
1200 142 1.78x10°°
1200 7.7 1.8x107
1200 5.75 2.16x107
1300 10.4 2.03x107
1300 7 1.77x107°
1300 5.2 1.8x107°
1400 3.65 2.14x107°
1400 34 2.24x10°°
1400 2.9 2.33x10°°
398 11 1200 374 2.67x107
1200 26.6 2.38x107°
1300 332 2.6x107°
1300 24 2.6x107
3908 9 1200 39.6 2.75x107
1200 28.7 2.35x10™°
1300 339 2.78x107°
1300 24.2 2.6x107
398 6.5 1000 169.3 2.01x107
1000 121.2 2.08x107°
1000 78.8 2.22x10°°
1000 52.4 2.32x107
1100 66.6 2.04x107
1100 475 2.05x107°
1100 311 2.09x10°°
1100 195 2.14x107
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APPENDIX A.—Concluded.

Al content, | Initial grain size, | Test temperature, Flow stress, Strain rate,
a% pm K MPa st
39.8 55 1000 142.4 2.16x107

1000 105.6 2.17x10°°
1000 75.4 2.18x10°°
1000 58.8 2.18x1077
1100 1125 2.03x107°
1100 76.7 2.17x107
1100 54.4 2.18x10™°
1100 38.7 2.17x10°°
1100 36.7 2.16x10°°
1100 29.5 2.18x1077
1100 245 2.16x107
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Figure 1.—True compressive stress-strain curves as functions of nominal strain rate and temperature for 1000 K
as-extruded Fe-39.8Al (Fe-40Al). Filled symbols indicate nominally duplicate tests.
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Figure 2.—True compressive stress-strain curves as functions of nominal strain rate and temperature for
Fe-39.8Al after 1000 K extrusion and a 16 h at 1200 K heat treatment (Fe-40Al-ht).
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Figure 8.—Microstructure of Fe-39.8Al compression tested under constant velocity conditions. The extrusion
axis and compression direction are horizontal in all parts; samples were etched and photographed under
DIC. Fe-40Al (a) at 1100 K and 2.2x10-4 s~1 to 26.6 percent and (b) at 1300 K and 2.2x10-6 s-1 to 13 percent;
Fe-40AlI-ht (c) at 1100 K and 2.2x10-4 s~1 to 25.4 percent and (d) at 1300 K and 2.2x10-6 s-1 to 12 percent.
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Figure 9.—Microstructure of Fe-15.6Mn-39.4Al compression tested under constant velocity conditions. The
extrusion axis and compression direction are horizontal in all parts; samples were etched and photographed
under DIC. FeMnAl-Il (a) at 1000 K and 2.2x10-7 s~1 t0 9.5% and (b) at 1300 K and 2.2x10-7 s~1 to 9.4%);
FeMnAl-lIht (c) at 1000 K and 2.2x10-7 s~1 to 9.4% and (d) at 1300 K and 2.2x10-5 s~1 to 15%.
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Figure 11.—Flow stress-strain rate results for iron aluminides as a function of initial grain size in microns (a) for
Fe-39.8Al at 1200 K and (b) for Fe-39.8Al (~6 pm). Fe-48.7Al (39 pm) and Fe-47.5Al (36 wm) at 1100 K, where
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Figure 12.—(a) Predicted equilibrium subgrain sizes for Fe-40Al at 1100 K as a function of stress, where the
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1100 K flow stress-initial grain size data for several alloys to the predicted subgrain size for Fe-40Al at
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solid symbols are for FeMnAl-Il = 6.5 um; (c) comparison of the observed 1300 K flow stress-initial grain
size data for several binary FeAl alloys to the predicted subgrain size for Fe-40Al at 1300 K, where
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